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I. INTRODUCTION
This report presents preliminary calculations of time-dependent release rates of selected radionuclides from the engineered barrier system in a potential high-level waste repository in unsaturated tuff, representative of a potential repository at Yucca Mountain in southern Nevada, These results are intended for use as preliminary source terms tbr calculating total system performance. The radionuclides specified for preliminary release-' rate calculations are Tc-99, 1-129, Cs-135, and Np-237 for ground-water pathways and C-14 for gaseous release. Releases via liquid pathways are the subject of this report; UCB/LBL will prepare a separate report on C-14 gaseous releases [Light et al. 1990 ].
The USDOE has requested performance-assessment Working Group 2 to prepare these preliminary data on radionuclide release rates. This report is a joint effort of three organizations: Lawrence Livermore National issued or is preparing separate reports on release rates from waste packages in tuff [Apted et al. 1989; Apted and Engel, 1990; O'Connell et al. 1989; O'Connell 1990; Pigford and Lee 1989; Sadeghi et al. 1990a,c] .
Working Group 2 coordinates the work of the DOE groups examining the performance of the engineered barrier system. Working Group 2 agreed that for the purpose of this report they would select one set of parameters and do one set of calculations of release rates, with different water-contact modes being examined by different laboratories. LLNL made the calculations for the wet-drip water-contact modes, PNL made the calculations for the moist-continuous water-contact mode, and UCB/LBL performed independent checks of calculations of both modes and coordinated the preparation of this report.
These preliminary results are intended for use by members of performance assessment Working Group 1 for a preliminary assessment of total system performance. Working Group 1 coordinates DOE evaluations of the performance of the total mined geologic disposal system.
The calculations reported here focus on release rates from individual waste packages and from a repositoryaverage waste package, averaged over a distribution of failure times of waste-package containers. The calculations are limited to releases from spent fuel; releases from borosilicate glass defense waste are not considered here. The release-rate results are presented as a function of time, for times up to 10,000 years after repository closure for the wet-drip contact modes and for 100,000 years and longer after closure for the moist-continuous mode. Also included, for use by Working Group 2 and others, are time-dependent fractional release rates and cumulative releases, based on the 1000-year inventories of these radionuclides.
These release results are not to be interpreted as expected values. In many instances the concepts, scenarios, " models, and parameters used for the calculations are based on necessarily simplifying assumptions. In doing so, conservatism is intended to accompany simplification. Therefore, these predicted release rates
• are expected to be much more conservative than the releases that can be expected from more realistic assessments.
Where these calculated conservative and bounding release rates are high enougb _o indicate concern with regard to meeting design and regulatory requirements, priority is to be giveli to obtaining 1 more realistic data, particularly chemical data and time-dependent ground-water flow regimes near waste packages, as well as exploring more realistic and more detailed models for release rates.
In Section 2 we describe the modes, or scenarios, by which water is postulated to contact the spent fuel and possible pathways by which dissolved radionuclides can be released to the surrounding intact rock, and we describe calculational models for each of these water-contact modes. In Section 3 we present and discuss the parameters adopted for calculating release rates from these models. In Section 4 we present numerical results. In Section 5 we present conclusions and recommendations. Tables of calculated results are presented as Appendices.
METHODS FOR CALCULATING RELEASE RATE

The Wet-Drip _ater-Contact Modes
Each waste package is to be emplaced in a borehole, with an air gap between the container surface and the surrounding rock [USDOE 1988 ]. Water will contact the waste package only if there is some variation of the local environment away from the design condition, e.g., dripping from overhead rock or contact with moist rock [O'Connell and Drach 1986] . Possible variations in rock permeability may divert water into fractures that intersect the emplacement hole, possibly resulting in drips onto the package [O'Connell and Drach 1986] . The drips are assumed to cause local cracks in the container. We conservatively assume that ali of the water dripping onto the container enters the cracks and contacts spent fuel, and we neglect protection of the uranium-dioxide fuel by the Zircaloy cladding.
The assumed penetration of dripping water into the container is assumed to result in a "bathtub" or a "flowthrough" mode of water/waste contact, depending on the state of the degraded container. The "bathtub" mode occurs if breaches exist only near the top [Oversby and Wilson 1986; O'Conneil and Drach 1986; Engel 1990_ Pigford and Lee 1989] . Such breaches may develop if water does indeed drip onto the top of the container. Water entering the container fills the container, gradually immersing ali the fuel. After filling, contaminated water from the container overflows into the surrounding rock as new water enters the container. We neglect evaporation that will occur because the container is hotter than the surrounding rock.
We assume that the water within the container is well' mixed. We conservatively neglect isolation of the UO2 fuel by the Zircaloy cladding,, but we assume that the general geometrical arrangement of the spent fuel within the container persists.
The rapidly releasable fractions of Tc, Cs, I and some other elements within the fuel-cladding gap, gas plenum, and readily accessible grain boundaries are assumed to all dissolve in the water by the time the container fills and overflow begins. These and other elements contained within the UO_ matrix are released to react, with container water at a rate limited by the rate of chemical alteration of the UO2. Tc, Cs, and l from the UO2 matrix are assumed to dissolve when released. Release of neptunium is expected to be limited by its solubility, so the release rate of Np-237 from the container is proportional to the volumetric flow rate of water into and out of the breached container.
The flow-through mode [O'Connell et al. 1989 ] is assumed to occur if there are breaches near the top and bottom of the container, or scattered throughout the original container surface. Water enters and wets a fraction of the spent fuel (see below), moving downward as a surface film and exiting at the bottom. As the water moves it dissolves the rapid-release fraction, as well as the elements released by chemical alteration at the surface of the wetted fiJel matrix. Neptunium dissolves and is released to the rock at a rate limited by
• its solubility. We assume that the matrix alteration rate, per unit surface area of UO2, and the neptunium solubility are the same as in the bathtub immersed case.
i " The fraction of fuel wetted in the flow-through mode is a significant unknown. The residence time of water depends here on the mechanisms of wetting and drainage. It is estimated from a mass balance of the waterfilm volume and water influx rate. We assume that a specified fraction of fuel remains continually wetted, whether due to surface roughness or water replenishment. The resulting residence time is far less than the fill-time estimated for the wet-drip contact mode.
The Moist-Continuous Water-Contact Mode
The wet-drip modes assume that the air-filled annulus surrounding a waste package precludes pathways for diffusive release of dissolved species. However, there can exist pathways for release by liquid diffusion if a waste package contacts the surrounding rock by physical displacement, ff the annulus becomes filled with sediments and rubble, or if the emplacement horizon becomes water saturated [Apted and Engel 1990; Pigford and Lee 1989] . For this report we assume rubble in the annulus, at the same moisture content as the surrounding rock.
We assume that water has filled a failed container, and we neglect mass-transfer resistance from Zircaloy fuel cladding and from the residual container material and corrosion products. We have applied the analytical solutions [Chambrd el al. 1982 and 1985] for time-dependent mass transfer of dissolved species through porous rock to predict the time-dependent diffusive-convective release rates of radionuclides from the waste into the surrounding rock [Apted et al. 1989; Sadeghi et al. 1990c] .
For the expected ground-water velocities, and for the diffusion coefficients assumed here for intact rock, masstransfer is predicted to occur predominantly by molecular diffusion in pore liquid in the rock matrix [Pigford and Chambr_ 1988] . Under these conditions the release rate is finite at zero velocity and is insensitive to any but very large increases in water velocity.
We conservatively assume that ali moisture in the intact rock is in interconnected water-filled pores, with a pore-liquid diffusion coefficient given by that for a liquid continuum. When calculating the time-dependent mass-transfer rate through an unsaturated rubble bed into surrounding rock, we adopt an effective diffusion coefficient several orders of magnitude lower than that oi' the intact rock, to account for limited contact area between rubble particles [Conca 1990; Sadeghi et al. 1990b ].
• As a result of the low effective diffusion coefficient for unsaturated rubble, with air in void spaces not occupi(, by rubble, the predicted mass transfer rates will be far below what could occur if the repository were saturated or if the ,h_graded waste container were in close contact with consolidated or intact rock. Our analyses will be restricted to the unsaturated environment, so this particular scenario is more aptly termed the "moist-continuous scenario," and is so referred to herein. and Cs-135 from the fuel matrix, we assume a constant alteration rate, as in the wet-drip contact modes, and we assume that these fission products dissolve congruently with the alteration of the fuel matrix.
P_AMET_RS ADOFrED FOR CALCULATING RELEASE RATES
I Time-Dlstribtttion of Container Failure
We adopt a probabilistic distribution of container failure as a function of time since emplacement, to yield repository-average release rates from a waste package as a function of time since emplacement. The distribution of container failures is based on the assumption that a waste container cannot fail until the rock immediately surrounding the container has cooled to the condensing temperature, so that liquid water can exist on the container surface. It is assumed that after the adjacent rock reaches the condensing temperature the container can be exposed to drips of ground water onto the container surface. The container is conservatively assumed to fail at that time, for the moist-continuous calculations, and 300 years later, for the wet-drip calculations.
For this purpose we have adopted predictions [Altenhofen and Eslinger 1990] of the cumulative number of containers reaching these locally corrosive Conditions as a function of time after emplacement. The failure distribution is shown in Figure 3 .1.
The assumed time distribution of container failure is only partly mechanistic in terms of failure processes.
It is adopted here to illustrate the importun_e, for some radionuclides, of incorporating a time-distribution of container failure in source-term analysis.
Waste Package Configuration
The dimensions and fuel loading of the reference waste package used in these calculations are given in Table  1 . The far-field averaged flux adopted for this study is 0.5 mm/year. This is expected to be an upper bound on the average water flux for anticipated conditions [USDOE 1988] . Variations from this value should also be evaluated in future studies.
As a performance allocation, the DOE has assumed that more than 90 percent of the boreholes will remain "dry," i.e., no weep of ground water on the borehole wall, no dripping, and no substantial continuous liquid pathway for diffusion [USDOE 1988, Sees. 8.3.4.2, 8.3.5.9 and 8.3.5.10] . Possible gaseous releases during the dry period are considered in a separate report on 14CO2 release.. LLNL expects such dry conditions because the 0.5 mm/y flux can be carried by porous flow in the unsaturated rock matrix, with no net flow in fractures that could lead to dripping. Also, the gap or partial gap at the drift ceiling would similarly serve to keep water in the rock matrix, diverting flow away from the drift and borehole. A potential continuous standing pathway, e.g., porous rock and surface films of water, would be broken by the air gap between container and borehole wall, unless some rock movements occur or unless the gap becomes filled with exfoliated porous material and rubble. Metal surfaces, cracked container, and internal geometry would also provide barriers I to a diffusive water pathway. Nitao [1988] has pointed out that, under partially saturated hydrological conditions, water would be preferentially absorbed by tuff with its small-radius grain and pore sizes. To maintain a water film through :ontainer cracks and over spent fuel elements, development of small-radius surface texture, i.e., high surface roughness or low-angle contacts, might be necessary. For dripping water at some boreholes, we adopt a value of water flux by reference to the amount of water passing through an undisturbed cross-sectional area above the borehole. Disturbances from the surrounding or variations in local hydrologic properties would in some cases divert water away from the borehole, but perhaps in some cases divert water toward the borehole. We assume a larger "catchment area" of radius two times the borehole radius. This gives a water influx of 1.0 liter/year into a breached container.
Diffusion Coefficient in Partially Saturated Tuff
The diffusion coefficient for radionuclides in a water continuum, lx 10-5 cm2/s, has been previously used in release calculations for waste packages emplaced in tuff [Apted et al, 1989; Pigford and Lee 1989] . When used for calculating diffusion through porous media, this value conservatively ignores tortuosity reduction of the effective diffusion coefficient and of the release rate.
For transport through an unconsolidated rubble bed of partially saturated porous media, there are additional tortuosity effects. Under the partial-saturation conditions expected at the emplacement horizon at Yucca
Mountain, no water films are expected on the surfaces of rubble pieces. Transport is constrained to diffusion through interconnected water-filled pores within rubble pieces, through areas of contact between adjacent rubble pieces, through contact areas between rubble pieces and intact rock, and through contact areas between rubble pieces and the surface of the degraded waste container. Diffusion through pore liquid in contacting rubble pieces and through contact areas has received preliminary examination by experiments and by theoretical analysis for diffusional transport through beds of tuff gravel [Conca 1990; Sadeghi et al. 1990b ]. Both studies show that for the degree of partial saturation assumed for the Yucca Mountain site, the effective diffusion coefficient through gravel-sized rubble pieces is likely to be many orders of magnitude below that of intact rock. A thousand-fold reduction below that of intact rock is adopted for this study.
The diffusion coefficients quoted here are used in a Fick's-Law expression to calculate the diffusive transport per unit cross-sectional area of pore liquid, the proper formulation for calculating transient releases. A consistent value of the porosity must be used in the transport boundary condition, as discussed in the next section.
Effective Porosity in Partially Saturated Rock and Rubble
In calculating the Fick's-law diffusive flux (g/cm_-s) through pore liquid in unsaturated intact rock, the effective porosity that appears in the flux boundary condition at an interface is the product of th_ rockmatrix porosity er and the saturation fraction _, i.e., the fraction of the pores that are water filled. This assumes isotropic porosity and continuous diffusive pathways through water-filled pores. The er_ product is defined as the liquid transport porosity et for intact rock and is used wherever the porosity appears in equations derived for mass transport through an equivalent saturated porous medium. It neglects the @ fracture porosity of intact rock, only a small correction for unsaturated tuff.
To calculate the sorption retardation coefficient for transport in unsaturated porous rock, assuming local chemical equilibrium between a species in the pore liquid and that same species sorbed in the rock, the retardation coefficient K is given by
where Kd is the dimensionless distribution coefficient (n,ass per unit volume of rock solid divided by mass Q per unit volume of pore liquid) cr is the overall porosity of the rock matrix '
• is the fractional saturation of the rock matrix.
Values of the distribution coefficient and calculated values of the retardation coefficient are listed in Table   3 , in Section 3.6.
For a gravel bed of unsaturated rock pieces, we define eb as the rubble-bed porosity, i.e., the volume of air between rubble pieces divided by the total bed volume. Here the effective porosity et that appears in the flux boundary condition at an interface, and that appears explicitly in the transport equations for an equivalent saturated porous medium, is approximated by e,-(1-eh)e,*
For the porosity and saturation values in Table 2 , the effective porosity for transport is 0.096.
The retardation coefficient in rubble pieces is still given by Equation (1), assuming that the rubble consists of small pieces of intact rock, of the same porosity and saturation as intact rock.
Radionuclide Data
The radionuclides selected for release-rate calculations are Tc-99t 1-129, Cs-135, and Np-237. 'rtadionuclide data used in these calculations are shown in Bruton and Shaw [1988] and is discussed in Section 3.7.2, and Cs-135 occur in both the UO2 matrix and in the fuel-cladding gap, gas plenum, and accessible grain 7 boundaries. In this document fission products in those regions other than the UO_ matrix are referred to as the "gap" fission products.
The proportion of radionuclides in the gap can vary widely because of varying conditions during reactor operations. In this report we assume that 2 percent of the total inventory of Tc-99, 1-129, and Cs-135 is in the gap, a reasonable median value for light-water-reactor fuels [Apted et al., 1989] .
Furthermore, the gap release calculated in this study can be directly scaled if some alternate value for gap inventory is proposed. The gap release rate is proportional to gap inventory.
The selection of the four radionuclides in Table 3 is based on several considerations of the important radionuclides for far-field transport and overall system performance. Because 1000 years of water travel time is assumed for total system assessment, no short-lived radionuclides (e.g., Sr-90, Cs-137) need be considered. The release of radionuclides contained within the UO_ matrix of spent fuel will be affected by the same chemical parameters of these radionuclides, regardless of the release pathway (wet-drip or moist-continuous).
Upon contact with water, radionuclide releases may be constrained by the solubility of the UO_ matrix, the solubility of the radionuclide-bearing precipitate, or the rate of physicochemical alteration of the UO_ matrix.
Which of these processes is, in fact, limiting will depend on factors such as the chemistry of the given nuclide, the abundance of the nuclide within the UO2 matrix, the chemical composition of the contacting water, the temperature, and, in particular, the redox potential.
Composition of Water
The anticipated composition of vadose water at the Yucca Mountain site is currently represented by J-13 well water. The reported pH of this water is 6.9 and the total dissolved carbonate concentration is 2.3
x 10-3 M [USDOE 1988, Chapter 4, Tables 4-6, 4-7] at 25 C. The vadose water and atmosphere in the emplacement horizon at the candidate Yucca Mountain site are projected to be mildly oxidizing [USDOE 1988, p. 7-9] . This is due to the exchange of emplacement-level air with the external environment, with possible contributions from radiolysis. The ambient atmospheric 02 fugacity would be 10 -°'7 bar at 25 C.
Based on evaluation of test data, Wilson and Bruton [1989] postulate that buffering by the spent fuel or by metallic portions of the engineered be.rrier system may locally impose a low O_ fugacity at the UO2 surface.
Grambow [1989] has also suggested that the oxidative reaction of spent-fuel matrix m_y locally buffer the O._ fugacity to reducing values (estimated 02 fugacity of 10 -6°bar at 25 C).
Within this large range in the possible redox conditions, the UO2 matrix is expected to be unstable with respect to higher-valence uranium compounds. 
Solubility Data
The solubilities of radioelements released from spent fuel under expected conditions at Yucca Mountain have been estimated through laboratory and modelling studies [Bruton and Shaw 1988; Wilson and Bruton 1989 ]. The precise solubility values to use in release modelling are uncertain for several reasons, however. is used based on data from Wilson and Bruton [1989] .
Alteration-Rate Data
Wilson and Bruton [1989] evaluated the alteration rate of irradiated UO2 from a sample of light-waterreactor spent fuel under condition_ simulating a repository located in tuff. Their analysis is based on the observed release rate of soluble radionuclides (Tc-99, Cs-137, 1-129 and Sr-90) into J-13 water, for exposure times up to i050 days end for five cycles of exposure to new batches of J-13 water per fuel sample [Wilson 1987a,b] . Their estimates for UO2 alteration rate range between 1.2 x 10 -3 and 10 -4 parts released per year for these short-term tests. These values are derived from the mass inventory and from measured dissolved concentrations of soluble nuclides.
Alteration of UO2 in contact with water begins with the oxidation of UO2 to higher-valence isostructural oxides, such as U409 and U3Ov . The dissolution reaction of U307 with water and further oxidation lead to new solid phases, e.g., UaOs, that are not isostructural with UO2. Thus, we speak of alteration by oxidative dissolution, even though there may be no net dissolution, i.e., no increase in concentration of uranium in the liquid phase. Such alteration by oxidation dissolution is referred to as alteration or dissolution in this report.
In a recent review of the published literature on exidative dissolution of UO2 Grambow [1989] provides a useful summary ofthechemical factors thataffect thealteration ofUO2. Grambow addresses threeprincipal chemicalfactors, pH, dissolved carbonateconcentration, and redoxpotential (oxygenfugacity). The effects ofthesefactors aresummarized as follows:
o pH -There appearsto be an inverse, linear dependencebetweenpH and the logofthe U02 reaction rate, especially at pH>4.
o Dissolvedcarbonate-Availablestudies support a directproportionality between totalcarbonateand dissolution rateof UO2, especially at concentrations below 10-3 M. An alternate interpretation is that thereisno direct effect of carbonateconcentration on UO2 reaction rate, and that theobservedeffects are attributable to theincrease inuranium solubility withincreasing concentration of carbonateas a complexing anion.
o Redox potential -The rateof UO2 dissolution issensitively related to theredox potential, althoughexact functional dependence varies with respect to pH and carbonateconcentration becauseof changesin ratelimiting mechanisms [Grambow, 1989] .Both linear and square-root dependenceof UO2 dissolution rateon theredox potential have been prvposed; forlow oxygenfugacities (< 10-°'7bar), a linear dependenceseems to providethebestfit to available data,according to Grambow [1989] .
For the anticipated J-13 wellwater compositionand an oxygen fugacity of 10-o.7bar,the functional relationships drawn by Grambow For the purposeof thisreport, we assume a constantmass rateof alteration, so alteration iscompleteafter 1000 yearsofexposureto water.
An unaccountedfactor in thisanalysis istheeffect of near-held boiling on the composition of vadosewater.
Calculations by Arthurand Criscenti [1989] show thatboiling underopen-systemconditions reduces dissolved carbonate (exsolving of CO2 gas, as well as dissolved O2), with a corresponding increase in pH. This opensystem boiling also increases the concentration of other aqueous species and the overall solubility. Also, the concentration of other strong complexants, such as phosphates, will increase. These complications increase the uncertainty for the solubility values and reaction rates. The reaction rate of UO2 would be greatly reduced in such modified water compared to the assumed oxygenated J-13 water. Because every unit increase in pH leads to a reduction in UO2 alteration/dissolution rate by a factor of 10, the effect of boiling may be a key process that affects source-term calculations. [Pigford and Lee 1989; Pigford and Chambrd 1988) .
Wet-Drip Release Rates
The wet-drip release rates from a single waste package are calculated for the sc__--arios described in Section 2.1. Releases congruent with fuel-matrix alteration are the dominant releases for Tc-99, 1-129, and Cs-135.
The releases for these three species for the bathtub model are shown in Figure 4 .2.1. The firstrelease occurs at about 2900 years, assuming that water first reaches and penetrates a cooled container,, followed by a calculated fill time of about 1200 years, after which the container water overflows to the surrounding rock.
Assuming that the amount of fuel exposed to water increases linearly as the container fills, the last of the fuel begins alteraticu just before overflow. The concentration in the container liquid and the release rate increase further for a thousand years. Thereafter, the release rate decreases exponentially with time because of dilution of the well-mixed container liquid with more ground water flowing in through penetrations. followed by the same steady-state release rate as for a single waste package.
The tabulated release rates from a single waste package and from a repository-average waste package are shown in the Appendix for the bathtub and flow-through models.
Moist-Continuous Release Rates
The moist-continuous release models used in these calculations are derived from original development by Chambr_ et al. [1982] and Chambr_ et al. [1985] . Using these equations and the parameters described above, we calculate release rates and cumulative releases from the annular rubble bed into the surrounding intact rock. The results are divided into two parts. The first part describes the calculated releases from a single waste package assumed to fail 1000 years after repository closure. The second part describes the calculated releases from an engineered barrier system, presented as the cumulative release from a repositoryaverage waste package. Release is assumed to begin when a container fails. The container failures of these waste packages are assumed to be distributed in time according to the distribution derived by Altenhofen and Eslinger [1990] ,
Release from an Individual Waste Package
The calculated release rates of nuclides from tile UO2 matrix are shown ill rates of low-sorbing Tc-99 and 1-129 peak at approximately 1000 years after container failure. Both of these nuclides approach, but do not reach, the maximum fractional release rate equal to the assumed fractional 12 alteration rate of the UO2 matrix, i.e., 10 -3 parts per year. The release-rate curve for non-sorbing 1-129 rises somewhat faster than that for slightly sorbing Tc-99, i
The peak release rate of strongly sorbing Cs-135 from the matrix, shown in Figures 4.3.1-4.3.3, is delayed for severalthousand years after container failure. The peak fractional-release rate of Cs-135 occurs later and is lower than that of Tc-99 and 1-129, even though ali three are assumed to be released congruently with matrix ' alteration, The long delay in release of Cs-135 to the rock is a consequence of the low diffusion coefficient in the rubble annulus and the high sorption of cesium. This delay allows time for diffusive dispersion of the cesium front, resulting in lower peak releases than the weakly sorbing Tc-99 and 1-129. The delay is not sufficient for decay of Cs-135 to affect its peak release rate to the surrounding rock. The possibility of a lower release rate of cesium because of cesium solubility has not been included in the present calculations.
Nor have we considered limits to cesium mobility due to the formation of a cesium aluminosilicate.
Ti_e release rate of Np-237 contained in the UO_ matrix, shown in Figures 4.3.1-4.3.3, is solubility-limited rather than alteration-rate limited. It rises to a peak fractional-release rate of approximately 10 -l°per yea_"
at about 100 years after container failure.
The calculated results for release of the readily soluble gap activity (i.e., 2 percent of the inventory for Tc-99, . 1-129, and Cs-135) are presented in Figures 4.3 .4 to 4.3.6. As expected, the release rates for low-sorbing
Tc-99 and 1-129 rise more quickly than for the strongly sorbing Cs-135. The release rate of Tc-99 rises to half the peak rate at about 5 years after the beginning of release. The peak releases for Tc-99 and 1-129 occur within a few tens of years after container failure. The peak release for the strongly sorbvd Cs-135 appears several thousand years after container failure. The peak release rate of readily soluble Cs.135 is attenuated by dispersion.
The effective diffusion coefficient of radionuclides within the annulus of crushed gravel between the waste container and the host rock is a key parameter for the moist-continuous case. It significantly affects t_Le rate of releases of the soluble gap activity and of strongly sorbing cesium from matrix alteration. The assumed value of the rubble-bed diffusion coefficient used in these calculations is 10-s cm2/s. This is likely to be a conservative value, suggested from laboratory measurements and theoretical predictions, ,as described previously.
Release from the Engineered Barrier System
Figures 4.3.7 -4.3.9 present the calculated cumulative releases from an average waste package in the potential repository for the moist-continuous contact mode. These cumulative releases were obtained by convoluting over time the release rate from an individual package and the probability distribution of waste-package failure. A nearly uniform rate of container failure between 300 and 2300 years after waste emplacement is assumed. This distribution is from Altenhofen and Eslinger to be released into the intact tuff rock by about 30,000 years after waste emplacement. The fractional cumulative release of solubility,limited Np-237 is significantly lower than that of the other nuclides.
CONCLUSIONS, OBSERVATIONS. AND RECOMMENDATIONS
Calculated time-dependent release rates of Tc-99, 1-129, Cs-135, and Np-237 have been calculated for wetdrip and moist-continuous scenarios. Subject to the parameters adopted for these calculations, these results and the foregoing discussion lead to the following conclusions, observations, and recommendations:
1. The peak single-package release rates for the wet-drip bathtub and moist-continuous contact modes are within a factor of two for Tc-99 and also for 1-129. In both modes, the waste-form alteration rate sets a limit on the peak release rate.
2. The peak release rate of Cs-135 is more than an order of magnitude lower for the moistcontinuous mode than for the wet-drip mode.
3. The peak release rates of Np-237 are the same for the wet-drip bathtub and flow-through contact modes. Np-237 release is delayed longer for the bathtub mode because of the time to fill the waste container.
4. The peak release rate of Np-237 for the moist-continuous mode is about the same as for the wet-drip modes, for the wet-drip flow rate assumed in these calculations. For all contact modes the fractional release rates of Np-237 are much lower than for the other nuclides considered here, because of the low solubility and high inventory of Np-237. I 5. The low peak release rates for the moist-continuous mode are a consequence of the very low diffusion coefficient expected in the rubble zone between waste and rock for the unsaturated environment.
6. The rate of alteration of UO2 by oxidative dissolution controls the release rates of Tc-99, 1-129, and Cs-135 in both contact modes. There is much uncertainty in the alteration rate constant used, but the adopted value of about 10-3/yr is expected to be conservative. The alteration rate perunitsurface areaofU02 and thesurface areaofUO_ contacted by waterareamong themost important release-rate parametersforfurther study, bothexperimental and theoretical.
7.ReleaseofNp-237iscontrolled by neptuniumsolubility. 18.Whether or notany ofthesewater-contact modes actually occurscan make a largedifference in the releaseratesof allofthe radionuclides examined. To determine when and ifeitherwatercontactmode occursforindividual waste packages,informationisneeded on the time-dependent ground-water flow regimes at the localscale,on borehole' wall integrity, and on variability of these properties among waste-package locations.
19. The water-contact modes consideredhereinassume that water can penetratethe container and contactspent-fuel waste once the containermaterialhas cooledsumcientlytocondense water.
However evaporationof water within a breached container, because of the hotterfuelsurfaces, can still limitwaste-water contactin both the wet-dripand moist-continuousmodes. Studies of evaporationas affected by hydrology and heat-transfer, and studiesof the localchemical environment as affected by evaporation, are needed formore realistic evaluationsofreleaserates. 10"3=..
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